The ubiquitin-proteasome system has been shown to play an important role in the replication cycle of different viruses. In this study, we describe a strong impairment of rotavirus replication upon inhibition of proteasomal activity. The effect was evidenced at the level of accumulation of viral proteins, viral RNA, and yield of infective particles. Kinetic studies revealed that the early steps of the replicative cycle following attachment, entry, and uncoating were clearly more sensitive to proteasome inhibition. We ruled out a direct inhibition of the viral polymerase activities and stability of viral proteins and found that the crucial step that was impaired by blocking proteasome activity was the assembly of new viroplasms. This was demonstrated by using chemical inhibitors of proteasome and by gene silencing using small interfering RNAs (siRNAs) specific for different proteasomal subunits and for the ubiquitin precursor RPS27A. In addition, we show that the effect of proteasome inhibition on virus infection is not due to increased levels of beta interferon (IFN-␤).
The ubiquitin-proteasome system has been shown to play an important role in the replication cycle of different viruses. In this study, we describe a strong impairment of rotavirus replication upon inhibition of proteasomal activity. The effect was evidenced at the level of accumulation of viral proteins, viral RNA, and yield of infective particles. Kinetic studies revealed that the early steps of the replicative cycle following attachment, entry, and uncoating were clearly more sensitive to proteasome inhibition. We ruled out a direct inhibition of the viral polymerase activities and stability of viral proteins and found that the crucial step that was impaired by blocking proteasome activity was the assembly of new viroplasms. This was demonstrated by using chemical inhibitors of proteasome and by gene silencing using small interfering RNAs (siRNAs) specific for different proteasomal subunits and for the ubiquitin precursor RPS27A. In addition, we show that the effect of proteasome inhibition on virus infection is not due to increased levels of beta interferon (IFN-␤).
Rotavirus is a nonenveloped double-stranded RNA (dsRNA) virus that belongs to the family Reoviridae and is an important cause of acute gastroenteritis in infants and young children. The infectious mature viral particle is composed of three concentric layers of proteins (triple-layered particle [TLP] ) that surround the 11 segments of double-stranded RNA of the viral genome (43, 57) . The outer layer consists of the spike protein VP4 and the glycoprotein VP7, while the intermediate and internal layers are made up of VP6 and VP2, respectively. Associated with the internal layer VP2 are the segmented genome and complexes of the viral RNA-dependent RNA polymerase (RdRP) VP1 with the RNA-capping enzyme VP3. The viral genome encodes six structural proteins (VP1 to VP4, VP6, VP7) and, depending on the viral strain, five or six nonstructural proteins (NSP1 to NSP6) that are expressed during the virus replicative cycle (17) .
Entry of the virus into the host cell is associated with the loss of the VP4-VP7 outer layer converting the TLP into a doublelayered particle (DLP), which becomes transcriptionally active, producing plus-strand RNAs (mRNAs) (35, 53) . The 11 viral mRNAs are 5Ј capped but nonpolyadenylated, and upon release into the cytoplasm, they are translated into viral proteins. Plus-strand RNAs also serve as template for the synthesis of the new dsRNA genome segments. At early time points postinfection, electron-dense structures, named viroplasms, appear in the cytoplasm of infected cells. These are the structures where synthesis of dsRNA (genome replication) and the initial steps of assembly of new particles take place (3, 16, 42) . Several viral proteins have been shown to accumulate in viroplasms during rotavirus infection. In particular, two nonstructural proteins, NSP5 and NSP2, that localize in viroplasms of infected cells were found to be essential for viroplasm formation, dsRNA synthesis, and virus replication (8, 38, 52, 55) . Also, some structural proteins, such as VP1, VP2, VP3, and VP6, localize in viroplasms of infected cells (17) . Newly assembled DLPs, through interaction with NSP4, bud into the lumen of the endoplasmic reticulum, acquiring a transient envelope, which is later replaced with the VP4-VP7 layer (17) . Release of mature viral particles from the cell occurs either by cell lysis or by a nonclassical, Golgi apparatus-independent, vesicular transport pathway (12, 17, 37) .
The cellular ubiquitin-proteasome system (UPS) is an elaborate machinery that recognizes and degrades polyubiquitinylated proteins. Its main function is to degrade misfolded, damaged, or unneeded proteins. However, UPS has also been shown to finely regulate different cellular processes, including gene transcription, signal transduction, cell cycle progression, apoptosis, and DNA repair (32) . Structurally, the proteasome consists of two main complexes: the 20S proteolytic core (core particle [CP] ) and the 19S regulatory particle (RP), which together form the 26S proteasome. In order to be recognized for degradation, substrates need to be tagged with a polyubiquitin chain of at least four units (21) . This process occurs by the sequential action of three enzymes: the ubiquitin-activating enzyme E1, which activates ubiquitin molecules in its active center, the ubiquitin conjugation enzyme E2, which transfers activated ubiquitin from E1 to E3, which in turn ubiquitinylates the target. The recognition of the ubiquitinylated substrates is mediated by the 19S RP subunit, while the hydrolysis of the targeted proteins occurs in the narrow channel of the 20S CP, producing a heterogeneous mixture of peptides (32) .
Many studies have demonstrated that different types of virus manipulate the ubiquitin-proteasome pathway in order to evade cellular responses and enhance viral replication (31, 47) . In this work, we show that a functional proteasome is required for rotavirus in order to establish a productive replication cycle.
MATERIALS AND METHODS
Cells, viruses, and reagents. MA104 cells (embryonic African green monkey kidney cells) were grown as monolayers in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS; Invitrogen), 2 mM L-glutamine, and 50 g/ml gentamicin (Invitrogen).
C7-MA104 clone and the NSP5-enhanced green fluorescent protein (EGFP)/ MA104 cell line were obtained as previously described (2, 14) and cultured in complete DMEM supplemented with 800 g/ml Geneticin (G-418; Gibco BRL).
The BSR-T7/5 cell line, a kind gift of Karl Conzelmann, was cultured in DMEM complete with high glucose supplemented with 1 mg/ml Geneticin (G-418; Gibco BRL).
Simian SA11 (G3, P6 [1] ) and porcine OSU (G5, P9 [7] ) rotavirus strains were propagated in MA104 cells, as described previously (18, 28) .
MG132 (Calbiochem), lactacystin (Sigma), and bortezomib (Selleck Chemicals) were dissolved in dimethyl sulfoxide (DMSO) at a final concentration of 50 M.
Plasmids. pT 7 v-NSP5, pT 7 v-NSP2, pcDNA3-SV5-VP1 (encoding tag-VP1), pcDNA3-VP2, and pcDNA3-VP6 were obtained as previously described (4, 10, 15, 19) . The NSP5 gene was derived from the OSU rotavirus strain, and the NSP2, VP1, VP2 and VP6 genes came from the SA11 strain.
In order to construct the plasmid pVAX-T7-segment11-ribo-T7stop, indicated in the Results section as pVAX-segment 11, the pVAX vector (Invitrogen) was modified by deletion of the cytomegalovirus (CMV) promoter using NdeI and ApaI restriction enzymes and subsequent insertion of an oligonucleotide containing the XmaI, ApaI, and SacII restriction sites (5Ј-TATGGGTACCTACTCCCGGGTTA CAGGGCCCGCGGAGGCC-3Ј; Sigma). Between the sites of XmaI and ApaI, a synthetic sequence (Genscript) has been inserted in order to clone the ribozyme and the T7 terminator (5Ј-ccCGGGTCGGCATGGCATCTCCACCTCCTCGCGGTC CGACCTGGGCATCCGAAGGAGGACGTCGTCCACTCGGATGGCTAAG GGAGAGCTcggatccGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTG GCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTC TAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCG GATCGAGATCCtctagagggccc-3Ј; capital letters indicate the ribozyme, and the T7 terminator and the XmaI and ApaI sites are underlined). The SA11 segment has been amplified from the corresponding cDNA with the following primers: 5Ј-AGG TACCTAATACGACTCACTATAGGCTTTTAAAGCGCTACAG-3Ј and 5Ј-GA CCGGTCACATAACTGGAGTGGGGA-3Ј (Sigma). The forward primer has been designed with the T7 promoter upstream of the initial nucleotides of the 5Ј untranslated region (UTR) of the rotavirus genomic fragment. The amplified sequence has been inserted between KpnI and XmaI sites to obtain the pVAX-T7-segment11-ribo-T7stop plasmid.
Transient transfections. For transfection experiments, subconfluent monolayers of MA104 cells in six-well plates (Falcon) were infected with T7-recombinant vaccinia virus (strain vTF7.3 [23] ) to increase the expression level of proteins encoded by the transfected plasmids. One hour later, cells were transfected with a maximum of 4 g/well of total plasmid DNA using Lipofectamine 2000 (Gibco BRL) according to the manufacturer's instructions. The relative amounts of plasmids were opportunely adjusted as previously described (10) . Cellular extracts (corresponding to about 5 ϫ 10 5 cells) were prepared in boiling Laemmli sample buffer and were subsequently sonicated and centrifuged at 2, 000 ϫ g for 5 min at 4°C. Portions (10 l) of supernatants were separated by polyacrylamide gel electrophoresis (PAGE) and analyzed by Western immunoblotting.
SDS-PAGE and Western immunoblot analysis. Cellular extracts were resolved through 12% SDS-PAGE and, after electrophoresis, transferred to polyvinylidene difluoride (PVDF) membranes (Millipore). The membranes were incubated with the following antibodies: anti-NSP2 mouse serum (1:3,000), anti-NSP5 guinea pig serum (1:10,000), anti-VP2 mouse serum (1:5,000), monoclonal mouse anti-p53 (1:5,000; Santa Cruz Biotechnology), monoclonal mouse anti-IRF3 (1:200; Santa Cruz Biotechnology), polyclonal rabbit anti-PSMC6 (1:500; Abcam), rabbit anti-actin (1:500; Sigma), and peroxidase-conjugated goat antiguinea pig (1:10,000; Jackson ImmunoResearch), goat anti-mouse (1:5,000; Jackson ImmunoResearch), and goat anti-rabbit (1:5,000; Thermo Scientific) secondary antibodies. Signals were detected by using the enhanced chemiluminescence (ECL) system (Pierce). Sera were produced by immunization of guinea pigs and mice as described previously (1, 4, 25) .
Virus titration. MA104 cells were infected in the presence or in the absence of proteasome inhibitors. At 7 h postinfection (p.i.) viral particles in the supernatant of infected cells were purified and used to infect NSP5-EGFP cells in a 96-well plate at different dilutions. Virus titer was determined as fluorescence-forming units (FFU) in the NSP5-EGFP/MA104 cell line, as previously described (8) .
Immunofluorescence microscopy. Immunofluorescence experiments were performed as described previously (15) Quantification of viroplasms was performed at the ICGEB High-Throughput Screening Facility (http://www.icgeb.org/high-throughput-screening.html). Image acquisition was performed using an ImageXpress Micro automated highcontent screening microscope (Molecular Devices) equipped with a 20ϫ objective; a total of 16 fields were acquired from each well, which corresponds to an average of ca. 1,000 cells imaged and analyzed per experimental condition and replicate. Automated image analysis of viroplasm formation was performed in MetaXpress software (Molecular Devices) using the Transfluor application module, which identifies cell nuclei (blue channel) and subsequently quantifies the FFU for virus titration or the number of viroplasms present in each cell (green channel).
siRNA transfection. Pools of four different small interfering RNAs (siRNAs) per gene target (Dharmacon, 50 nM final concentration) were transfected in 96-well plates (for Western blotting) or 384-well plates (for fluorescence microscopy) with Lipofectamine RNAiMax (Invitrogen; 0.9 l/well), using a reverse transfection protocol. At 48 h after siRNA transfection, cells were washed three times in serum-free medium and virus was added to the relevant wells; at 6 h postinfection, the cells were processed for Western blotting as described above or stained with Hoechst 33342 for automated quantification of viroplasms by fluorescence microscopy.
In vitro DLP transcription assays. DLPs purified by CsCl gradient centrifugation were incubated with 5ϫ transcription buffer (Promega) ]methionine labeling of rotavirus proteins, confluent monolayers of MA104 cells in six-well plates (Falcon) were infected with SA11 (G3, P6 [1] ) and OSU (G5, P9 [7] ) rotavirus strains at a multiplicity of infection (MOI) of 3 for 1 h at 37°C. Cells were extensively washed with PBS and incubated for 1 h with methionine-free DMEM (GIBCO Invitrogen). Then, methionine-free DMEM containing 20 Ci/ml [ In vivo phosphorylation with 32 P i . For in vivo phosphorylation assays, confluent monolayers of MA104 cells in six-well plates (Falcon) were infected with rotavirus at an MOI of 3 for 1 h at 37°C, and after 1 h, medium containing virus was replaced with serum-free DMEM. At 4 h postinfection, cells were extensively washed and maintained in phosphate-free DMEM (GIBCO, Invitrogen) for 1 h. At 5 h p.i., the medium was adjusted to 10 g/ml of actinomycin D, 10 M MG132, or DMSO, 100 M each nucleosides (adenosine, cytidine, guanosine, uridine; Sigma), and 100 Ci/ml of strains at an MOI of 3 for 1 h at 37°C. After 1 h or 3 h, the medium containing virus was replaced with DMEM containing 10 M MG132 or the corresponding volume of DMSO. At 7 h p.i., cells were lysed with three cycles of freeze-thawing and total RNA was extracted as described above.
One-tenth of the volume of the total RNA was retrotranscribed using random hexamers (IDT), and the product of retrotranscription was used as a template for quantitative reverse transcription-PCR (qRT-PCR) using SybrGreen technology (Applied Biosystems) and specific primer sets (IDT) for IFN-␤ (forward, 5Ј-A GGACAGGATGAACTTTGAC-3Ј; reverse, 5Ј-TGATAGACATTAGCCAGG AG-3Ј), for rotavirus NSP5 (forward, 5Ј-ATGTCTCTCAGCATT-3Ј; reverse, 5Ј-AGATTTTCCAGAAAGAGT-3Ј), and for GAPDH (forward, 5Ј-GGGCGC CTGGTCACCAGGGCTGC-3Ј; reverse, 5Ј-GAGCCCCAGCCTTCTCCATG GTGG-3Ј). All the amplifications were performed on a 7000 ABI Prism instrument (Applied Biosystems). Relative gene expression was normalized to the glutaraldehyde 3-phosphate dehydrogenase (GAPDH) gene according to the formula 2 Ϫ⌬⌬Ct ͑⌬⌬C t ϭ ⌬C t, sample Ϫ ⌬C t, untreated control ͒.
RESULTS
Proteasome inhibition affects early stages of rotavirus infection. In rotavirus-infected cells, treatment with the proteasome inhibitor MG132 caused a strong decrease in the amount of viral proteins accumulated during the virus replication cycle. When infected cells were treated with MG132 (10 M) after virus adsorption until hour 7 postinfection (p.i.) (Fig. 1A) , the accumulation of both structural (VP2) and nonstructural (NSP5, NSP2) rotaviral proteins was strongly affected (Fig.  1B) . The effectiveness of MG132 treatment on proteasome activity was confirmed by analysis of the levels of p53 (39) , which increased upon proteasome inhibition. As expected, following proteasome inhibition, production of newly replicated genomic viral dsRNA (Fig. 1C) , accumulation of viral RNA (represented by RNA levels of segment 11 by qRT-PCR, Fig.  1D ), and virus yields (Fig. 1E) were heavily impaired.
Other proteasome inhibitors which have different inhibition mechanisms, such as bortezomib and lactacystin, also had a strong effect on virus replication in parallel with an increase in p53 accumulation (Fig. 1F) . We thus concluded that proteasome activity is required for efficient virus replication. ACTIVE PROTEASOME REQUIRED FOR ROTAVIRUS REPLICATION 2783 In order to investigate whether inhibition of viral replication was due to impairment of early or late events postinfection, we tested the effect of adding MG132 simultaneously with virus ( Fig. 2A) , after 1 h of virus adsorption and virus entry (Fig. 2B ), and at 3 h p.i. (Fig. 2C) . In all three cases, strong reduction in viral protein accumulation was observed in an inhibitor concentration-dependent manner (Fig. 2B) . Although inhibition of virus replication was particularly sensitive at early time points after infection, the effect observed when inhibitors were added at 3 h p.i. indicates that it did not involve a specific block in the steps of virus entry and uncoating of TLPs. This was further confirmed by adding MG132 for only 1 h, during the steps of virus entrance and uncoating that resulted, as shown in Fig.  2D , in a significant level of virus replication.
Further kinetic experiments were performed to better define the time window within the viral replication cycle in which proteasome activity was required. For this, cells were infected for 1 h and treated with MG132 or bortezomib for 4 h at different times postinfection (Fig. 3A) . As shown in Fig. 3B , a more clear arrest on viral protein accumulation was observed when the proteasome inhibitor was added at relatively earlier time points. Indeed, when inhibitors were added at 5 h p.i. or later, the effect was much reduced, suggesting that once the infection was well established with a robust accumulation of viroplasms, the requirement for proteasome activity was less significant. As shown in Fig. 4 , the need of proteasomal activity for virus replication was evident in two different rotavirus strains (porcine OSU and monkey SA11). Proteasome inhibitors do not affect viral polymerase. These results suggest that once infection is well established, rotavirus is able to maintain a normal level of mRNA transcription and viral genomic dsRNA synthesis, even when the proteasome is inhibited. We therefore tested whether MG132 had a direct effect on the transcriptase and replicase activities of the VP1 viral polymerase. The transcriptase activity was measured by [␣-
32 P]UTP incorporation into viral mRNAs transcribed in vitro from DLPs. As shown in Fig. 5A , no difference was observed in the transcription levels performed in the presence or absence of MG132. The replicase activity was determined in vivo by pulse-labeling with 32 P i of dsRNA at a time point when high levels of replication take place (5 to 7 h p.i.) (54) . The rate of synthesis of dsRNA in virus-infected cells treated with MG132 was comparable to that of nontreated control cells (Fig. 5B) . From these experiments we could conclude that proteasome inhibition does not directly affect the viral polymerase activities.
In addition, we found that neither the rate of viral protein synthesis determined at 1.5 h, 3.0 h, or 4.5 h p.i. by a 30-min pulse of [ 35 S]methionine incorporation (Fig. 5C ) nor the ability of cells to translate a virus-like mRNA (i.e., containing the 5Ј and 3Ј UTRs) (Fig. 5D) were affected in the presence of MG132. Moreover, the stability of different viral proteins independently expressed in noninfected cells (NSP5, VP2, NSP2) did not change upon proteasome inhibition. As shown in Fig. 6 , this was assessed by transient transfection (i) in MA104 cells driven by T7/vaccinia virus, (ii) in the BSR-T7/5 cell line that stably expresses the T7 RNA polymerase (therefore in the absence of vaccinia virus), and (iii) in the C7-MA104 clone (2) stably expressing NSP5. Proteasome activity is required for viroplasm formation. The data presented above suggested that the requirement of proteasomal activity was more relevant at early time points p.i., when the rate of viroplasm formation is more pronounced (14) . We thus investigated the effect of MG132 and bortezomib on viroplasm formation using the MA104 cell line stably expressing the NSP5-EGFP fusion protein that, upon rotavirus infection, relocalizes to viroplasms (14) . Both MG132 and bortezomib induced a significant arrest on the formation of viroplasms, which appeared in reduced number and with smaller size with respect to those in control cells, particularly when added at time points between 1 h and 5 h p.i. (Fig. 7A) . In contrast, addition of the inhibitors at 7 h p.i. did not show any effect on the number or size of viroplasms (Fig. 7A) . These results indicate that the early/middle phases of viroplasm assembly are the ones more susceptible to proteasome inhibition, since no disassembly was observed. These results were also confirmed by immunofluorescence analysis using either anti-NSP2 or anti-NSP5 antibodies (data not shown). Quantification of the reduction of viroplasm formation by proteasome inhibitors was performed by automated image analysis using a high-content screening microscope (Molecular Devices; see Materials and Methods). As shown in Fig. 7B , the number of viroplasms per cell in cells treated for 4 h with MG132 or bortezomib was almost the same as that found in cells fixed at 
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ACTIVE PROTEASOME REQUIRED FOR ROTAVIRUS REPLICATION 2785 the beginning of each treatment, strongly suggesting that inhibition of proteasome activity affected the assembly of new viroplasms and their growth. This was in fact confirmed by silencing, through RNA interference, genes encoding two proteasomal subunits (the ATPase subunits 1 and 6) that are essential for proteasome activity (21, 49) and the gene encoding the ubiquitin-ribosome protein S27 (RPS27) in order to reduce the levels of free ubiquitin and polyubiquitinylated proteins in the cytoplasm (22) . Two siRNAs, specific for NSP5 of each strain, were used as controls of inhibited rotavirus replication (8) . As shown in Fig. 8 , silencing of the proteasomal subunits and RPS27 strongly affected accumulation of rotavirus proteins (Fig. 8A ) and viroplasm formation (Fig. 8C) . The impairment obtained with the C1 and C6 siRNAs treatment was similar to that observed with MG132, producing a comparable increase of p53 levels. The effectiveness of the siRNA for the C6 subunit was confirmed by Western blotting, as shown in Fig. 8B . Despite affecting significantly rotavirus replication, silencing of RPS27 was not effective in terms of variation of the p53 levels. This may be due to the facts that proteasome degradation of p53 is not exclusively dependent on ubiquitinylation (20) and that removing only one of the ubiquitin precursors may not be sufficient to reduce p53 ubiquitinylation. On the contrary, it has been reported that even a partial silencing of RPS27 can interfere with the replication cycle of other viruses (46) . All these data further confirmed that a functional proteasome is required for rotavirus replication. It should be noted that, in spite of the strong effect on the formation of viroplasms, proteasome inhibition did not affect the ability of NSP5 to assemble into viroplasm-like structures (VLS) (10) formed upon coexpression with NSP2 and/or VP2 (Fig. 9 ). These observations suggest that inhibition of proteasomal activity does not alter the capacity of NSP5 to interact with either NSP2 or VP2 or its hyperphosphorylation induced by either of them (Fig. 6A) .
Effect of proteasome inhibition on rotavirus does not depend on IFN-␤ levels. Previous reports have linked proteaso- mal activity to rotavirus infection in two different ways. In SA11-infected cells, it has been shown that the type I IFN response is antagonized by the virus through the viral protein NSP1, which drives proteasome-dependent degradation of IRF3, IRF5, and IRF7 (6, 7). In the OSU strain, however, IRF3 is not degraded upon infection, but NSP1 was described to inhibit activation of NFB by inducing proteasome-dependent degradation of ␤-TrCP, the ubiquitin E3 ligase responsible for degradation of IB, the NFB inhibitor (26) .
Since the SA11 and OSU strains were equally sensitive, we wanted to investigate whether the observed effect of proteasome inhibition on rotavirus replication was due to a premature activation of the IFN response. We first analyzed the levels of IRF3 in MG132-treated and untreated cells that were uninfected or infected with either rotavirus strain. The results showed no changes in IRF3 levels following infection with OSU, as expected (6, 7, 27) , while infection with SA11 caused almost complete IRF3 degradation and partial recovery following MG132 treatment (Fig. 10B) . Basal IRF3 levels in mock-infected cells were not affected by MG132 (Fig. 10B) . Furthermore, as shown in Fig. 10C , quantitative real-time RT-PCR of IFN-␤ mRNA showed no significant changes following infection of MA104 cells by SA11 or OSU, in either the presence or the absence of MG132.
These data support the hypothesis that the interferon response is not related to the impaired rotavirus replication in the presence of proteasome inhibitors. Moreover, the stronger effect of MG132 on virus replication in OSU-infected cells, with higher IRF3 levels, further supports this interpretation.
DISCUSSION
The proteasomal degradation pathway of proteins is an essential cellular mechanism involved in a variety of different functions, such as regulation of gene expression, cell differentiation, control of cell cycle progression, and immune responses (32) . In viral infections, the proteasome system is central for the production of peptides derived from viral proteins, which, upon loading on major histocompatibility complex (MHC) class I molecules and presentation on the cell surface, can become targets for cytotoxic T cells, resulting in the elimination of infected cells (29, 32) .
Viruses have been shown to manipulate the ubiquitin-proteasome pathway at different stages of their life cycles, to enhance viral activities and/or to escape the antiviral cellular responses. For example, influenza virus has been shown to utilize the UPS for efficient trafficking to the late endosome/ lysosome stages of virus entry (33) , and recently it has been demonstrated that inhibition of proteasome activity affects influenza virus infection at a postfusion step (56) ; UPS also plays an important role in multiple steps of the coronavirus (CoV) infection cycle from viral entry to RNA synthesis (46) . Also, in ACTIVE PROTEASOME REQUIRED FOR ROTAVIRUS REPLICATION 2787 retroviruses, like HIV, a functional UPS is needed for the release of mature viral particles (31, 40) . Among DNA viruses, multiple members of the Herpesviridae family have developed different strategies to manipulate UPS, such as encoding ubiquitin ligase-like proteins in order to target for degradationspecific host proteins (11, 34, 44) , such as MHC class I molecules, to evade cytotoxic T cells. The parvovirus MVM (minute virus of mice) was also shown to use the proteasome machinery for facilitating its trafficking to the nucleus (48) .
In this study, we have characterized the role of the proteasomal activity on the rotavirus replicative cycle. We found that inhibition of the proteasome blocked rotavirus replication, indicating that a functional proteasome is required for the virus to establish a productive replication cycle. Proteasome inhibition was effective in antagonizing the replication of three different rotavirus strains: simian SA11, porcine OSU, and bovine RF (data not shown).
In most experiments, we monitored virus replication, determining the production of viral proteins and in particular NSP5, whose expression is absolutely required for viral replication (8, 38, 55) .
We show that an active proteasome is required during the early steps after entry and uncoating. Addition of the proteasome inhibitors MG132 or bortezomib after virus adsorption and entry (1 h) or even at 3 h p.i. had a strong impact on virus yields. In contrast, the presence of MG132 only during the attachment/adsorption and its subsequent removal still allowed a significant level of virus infection. In fact, the stronger effect was obtained when proteasome inhibition took place at relatively early time points up to 5 h p.i. (with a stronger effect for MG132 than for bortezomib), while inhibition at later time points (from 7 h to 10 h p.i.) had a weaker effect.
The main alteration found upon proteasome inhibition was a profound effect on the formation of viroplasms and their growth. This was more evident at early time points p.i. Indeed, when proteasome inhibitors were added, for instance, at 7 h p.i., the effect was no longer appreciable. Quantification of the effect showed that proteasome inhibition does not compromise the stability of viroplasms, since the number of viroplasms per cell remains essentially unchanged from the moment of addition of the inhibitor for a period of 5 to 7 h. Since the effect on viroplasm formation was observed almost immediately following the addition of the inhibitors, it could be hypothesized that the proteasomal activity is required for the degradation of a protein or a protein complex with a very short half-life. The need of an active proteasome, suggested by the similar effects obtained with proteasome inhibitors with distinct mechanisms of action, such as MG132, bortezomib, and lactacystin (although not all of them with the same activity), was further confirmed by using siRNAs specific for two different proteasomal ATPase subunits (subunit 1 encoded by the PSMC1 gene and subunit 6 encoded by the PSMC6 gene) and for the ribosomal protein RPS27A, one of the main sources of ubiquitin. All three siRNAs had a strong effect on the replication of SA11 and OSU, although silencing of PSMC1 had a less pronounced effect on SA11.
RT-PCR analysis of virus-infected cells revealed that the amount of total viral RNAs (both mRNA and dsRNA) was heavily impaired upon treatment with MG132 for different times or at different time points p.i. However, the improbable direct effect of the inhibitors on the transcriptase and replicase activities of the viral polymerase VP1 was ruled out by determining in vitro the transcriptase activity of purified DLPs and in vivo the incorporation of 32 P i into newly synthesized dsRNA.
Using these two assays, we could distinguish putative effects on the two VP1 activities. These results suggested that the blockage was at a different level, most likely related to the degradation activity of the proteasome. This activity, however, does not appear to be related to the translation of viral proteins. Indeed, the rate of viral protein synthesis was not impaired by the addition of proteasome inhibitors even when they were added at very early time points p.i., suggesting that inhibition of viral protein synthesis following cellular stress is not involved. In this context, rotavirus infection has been shown to prevent the formation of stress granules despite the induction of eIF2␣ phosphorylation (41).
As recently described, transient expression of NSP5 with NSP2 and/or VP2 induces the formation of VLS in the cytosol (10) . VLS formation, however, was not affected by proteasome inhibition, indicating that the events leading to the interaction of these three proteins in vivo do not depend on the proteasome activity. Furthermore, colocalization of other viral proteins into VLS (such as VP1 and VP6) was not altered (data not shown), suggesting that the interactions that allow VLS formation and recruitment of the viral constituents of the viroplasm can take place even when the proteasome is inhibited. The difference in sensitivities of viroplasms and VLS to proteasome inhibition, however, suggests that the similarities between them are mainly structural.
The data presented support the hypothesis that during in- fection, an unidentified proteasome-sensitive host factor capable of impairing, either directly or indirectly, formation of viroplasms needs to be removed in order to sustain active virus replication. Once assembled, however, viroplasms are not affected by proteasome inhibition, as they continue to be present after several hours of treatment. Interestingly, whatever the factor responsible for the blockage, it appears not to affect the formation of VLS, thus suggesting a function related to either recruitment of some cellular protein(s) relevant for the assembly of viroplasms or, alternatively, the recruitment of viral RNA templates for the synthesis of dsRNA. We investigated the possible involvement of an enhanced IFN-␤ production as a consequence of proteasome inhibition. Different mechanisms of antagonizing induction of IFN-␤ have been described depending on cell type and rotavirus strain (13, 50, 51) . In particular, in SA11-infected cells IRF3 interacts with NSP1 and as a consequence is degraded in a proteasomaldependent way, thus impairing activation of IFN-␤ gene transcription (6) . NSP1 of strain OSU, instead, does not induce degradation of IRF3 but blocks proteasomal degradation of IB, with the consequent retention of NFkB p65 in the cytosol (26, 30) . We show that in cells infected by both virus strains the IFN-␤ levels remained unaltered upon proteasome inhibition, despite the partial recovery of IRF3 levels in SA11-infected cells treated with MG132. We thus concluded that the impaired viral replication upon proteasome inhibition was not the consequence of an enhanced IFN-␤ level. However, since it has recently been described that active translocation of NFB p65 into the nucleus of SA11-infected cells, rather than inducing IFN-␤ transcription, functions as an anti-apoptotic signal to prolong survival of host cells (5), we cannot rule out that activation of factors involved in apoptotic pathways are linked to the effects of proteasome inhibition on virus replication.
Impairment of viral infection by proteasome inhibitors has been recently described for two other dsRNA viruses, the avian reovirus ARV (9) and the infectious bursal disease virus IBDV (36) . In these two viruses, inhibition of the proteasome causes a reduction in the production of viral progeny with an evident effect at the early phases of infection, suggesting a possible common mechanism of involvement of the UPS. The data indicate that rotaviruses, like other viruses, are adapted to replicate in cellular environments with active proteasomal activity.
Moreover, the data suggest that manipulation of proteasome activity may be used as a therapeutic approach to contain rotaviral infection. In this context, it is noteworthy that proteasome inhibition impaired coronavirus replication in in vitro infected cells while in vivo administration did not have a positive effect in controlling infection (45, 46) ; the opposite was reported for coxsackievirus to control development of myocarditis in mice (24) . ACTIVE PROTEASOME REQUIRED FOR ROTAVIRUS REPLICATION 2791
